No magnetic pairing mechanism in cuprate superconductors 
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We have analyzed scanning tunneling spectra of two electron-doped cuprates Pro.8sLaCeo.i2Cu04 
(T c = 21 K and 24 K) and compared them with tunneling spectrum of hole-doped Lai.84Sro.i6Cu04 
and effective electron-boson spectral function of hole-doped Lai.g7Sro.o3CuC>4 (extracted from angle- 
resolved photoemission spectrum). We have also compared tunneling spectra and angle-resolved 
photoemission spectra for hole-doped Bi2Sr2CaCu2 0s. These results unambiguously rule out d- 
wave magnetic pairing mechanism in both electron- and hole-doped cuprates. In contrast, the 
polaron-bipolaron theory of superconductivity, which is based on realistic electron-electron correla- 
tion and strong long-range electron-phonon interaction, is compatible with most experimental results 
including the Cooper pairing and large Fermi surface observed in optimally doped and overdoped 
cuprates. 



Developing the microscopic theory for high-T c super- 
conductivity is one of the most challenging problems in 
condensed matter physics. Twenty-six years after the 
discovery of high-T c superconductivity by Bednorz and 
Miiller ML no consensus on the microscopic pairing mech- 
anism has been reached despite tremendous experimen- 
tal and theoretical efforts. There are essentially two op- 
posite views about the pairing mechanism. Many re- 
searchers believe that antiferromagnetic fluctuations pre- 
dominantly mediate the electron pairing 0| mainly be- 
cause of the d-wave order-parameter symmetry probed by 
surface and phase-sensitive experiments Q. In contrast, 
other researchers insist that strong electron-phonon cou- 
pling is mainly responsible for high-temperature super- 
conductivity in cuprates. The bipolaronic theory of 
superconductivity [4{, which is based on strong elec- 
tron correlation and significant electron-phonon inter- 
action (EPI), has gained strong support from various 
experimental results. In particular, extensive studies 
of unconventional oxygen-isotope effects in hole-doped 
cuprates have clearly shown strong EPI and the exis- 
tence of polarons/bipolarons in both normal and super- 
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conducting states |5Hl3j|. Neutron scattering 
angle-resolved photoemission f ARPES ) fljl [Till , pump- 
probe [ijj], and optical specroscopies 20-23)] have also 
demonstrated strong electron-phonon c oupling . Further, 
ARPES data 24| and tunneling spectra 25l430| have con- 
sistently provided direct evidence for strong coupling to 
multiple-phonon modes in hole-doped cuprates. 

Despite the fact that so many experiments have 
supported polaronic/bipolaronic superconductivity, the 
bipolaronic theory of superconductivity has not been 
generally accepted. There are several reasons for this. 
First, much attention has been paid to bipolaronic the- 
ories based on strong short-range Holstein-type EPI. 
These theories fail to predict a high critical tempera- 
ture because the bipolarons are too heavy and local- 
ization of the heavy bipolarons is inevitable. Secondly, 
there is strong experimental evidence for the Cooper pair- 



ing rather than the real-space pairing in optimally and 
overdoped cuprates 11]. Thirdly, ARPES, optical, and 
transport experiments have consistently pointed towards 
a large Fermi surface in overdoped cuprates [ll|. These 
results appear to argue against the bipolronic theory of 
superconductivity. However, an analytical multi-polaron 
model of high-temperature superconductivity in highly 
polarizable ionic lattices has recently been proposed with 
generic (bare) Coulomb and Frohlich EPI avoiding any 
ad-hoc assumptions on their range and relative magni- 
tude (31I ] . The generic Hamiltonian comprising any-range 
Coulomb repulsion and the Frohlich EPI can be reduced 
to a short-range t — J p model at very large lattice dielec- 
tric constant, eo — » 00, for the moderate and strong EPI. 
In this limit the bare static Coulomb repulsion and EPI 
negate each other giving rise to a novel physics described 
by the polaronic t — J p model with a short-range pola- 
ronic spin exchange J p of phononic origin 31[. More- 
over, if one considers realistic finite eo, the cancelation 
of the bare Coulomb repulsion by the Frohlich EPI is 
not complete so that a residual on-site repulsion U of 
polarons could be substantial if the size of the Wannier 
(atomic) orbitals is small enough [32] . The residual Hub- 
bard U drives the system to undergo a crossover from 
Bose-Einstein condensation (BEC) to the Cooper pair- 
ing [32j]. This naturally reconciles the polaron-bipolaron 
theory of superconductivity with the Cooper pairing and 
the large Fermi surface observed in optimally doped and 
overdoped cuprate superconductors [111 ]. 

On the other hand, many researchers still maintain 
the d-wave magnetic pairing mechanism, allegedly sup- 
xxrted by some highly publicized experimental papers 
- 35 1 . In one of the papers [34 |. the authors have 



used an unrealistic parameter, which overestimates the 
magnetic coupling constant by two orders of magni- 
tude [3(| ■ Other two papers [H, HH reported the com- 
bined neutron and tunneling data for two electron-doped 
Pro.88LaCeo.i2Cu04_j, (PLCCO) crystals with different 
superconducting transition temperatures (21 and 24 K). 
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These data seemingly suggest that the energies of the 
magnetic resonance modes are the same as those of 
the bosonic modes revealed in the second derivative 
(d 2 I/dV 2 ) of electron tunneling current (J) with respect 
to bias voltage (V). They thus conclude that the mag- 
netic resonance modes rather than phonons mediate elec- 
tron pairing in electron-doped cuprates |33l l35| . How- 
ever, one of us (GMZ) [30] has already pointed out a 
basic mistake in the data analyses of Ref. [33j and shown 
that the combined neutron and tunneling data actually 
disprove this magnetic pairing mechanism. Despite cit- 
ing Ref. 13011 . the same basic mistake has been repeated 
in Ref. [35]. Based on the repeated incorrect analyses, 
these authors concluded that their data support d-wave 
magnetic pairing mechanism. 

Here we re-analyze scanning tunneling spectra of two 
electron-doped cuprates Pr .88LaCeo.i2Cu04 (T c = 21 K 
and 24 K) and compare them with tunneling spectrum 
of hole-doped Lai.84Sro.i6Cu04 and effective electron- 
boson spectral function of hole-doped Lai.97Sro.o3Cu04 
(extracted from angle- resolved photoemission spectrum) . 
Our data analysis along with other independent tunnel- 
ing and ARPES data consistently rules out d-wave mag- 
netic pairing mechanism in both electron- and hole-do ped 
cuprates. This is in agreement with recent analytical [371 ] 
and numerical (Monte-Carlo) [38|,[3!| studies that cast se- 
rious doubts on the possibility of high temperature super- 
conductivity from repulsive interactions only. This is also 
in accord with optical experiments [22| which show that 
the electron-boson spectral function q 2 {uj)F(uj) is inde- 
pendent of magnetic field, in contradiction with the the- 
oretical prediction based on the magnetic pairing mech- 
anism (see Fig. 9 of Ref. pijl). 

It has been well established [H, [H, [H, EH ) that 
the energies of the dip positions (rather than the peak 
positions) in d 2 //dy 2 correspond to the energies of the 
modes strongly coupled to electrons. In Fig. 1, we adopt 
this well-established protocol to identify the mode en- 
ergies from the d 2 I/dV 2 spectra of two electron-doped 
samples. For the electron-doped sample with T c = 21 
K, the mode energies identified from the d 2 I/dV 2 spec- 
trum below 35 meV are 6.0 meV and 16.7 meV (indi- 
cated by the arrows). For the electron-doped sample 
with T c = 24 K, the mode energy identified from the 
d 2 I/dV 2 spectrum between 7 and 28 meV is 16.5 meV. 
It is apparent that the mode energies revealed in the 
d 2 I/dV 2 spectra of the two electron-doped cuprates are 
nearly the same (16.7 and 16.5 meV) and significantly 
different from the magnetic resonance energies (9.0 or 
10.5 meV) revealed by inelastic neutron scattering ex- 
periments [H, [35j]. The mode energy of about 16.5 meV, 
which is independent of doping and T c , agrees with the 
energies of the two transverse optical (TO) phonon modes 
(15.6 meV for the E u mode and 17.0 meV for the A2 U ) 
42j. This implies that the phonon modes rather than 
the magnetic-resonance modes mediate electron pairing 
in electron-doped cuprates. This is also consistent with 
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FIG. 1: a) d 2 I/dV 2 spectrum for an electron-doped PLCCO 
sample with T c — 21 K, which is reproduced from Ref. |35| . 
b) d 2 I/dV 2 spectrum for an electron-doped PLCCO sample 
with T c = 24 K, which is reproduced from Ref. [33]. The 
energy positions of the d 2 //dV^ 2 spectra are measured from 
the superconducting gaps. 



both ARPES data j4Jlof hole-doped Bi 2 Sr 2 Cu0 6 and 
theoretical studies [44], |45[ , which show that the optical 
phonons are strongly coupled to electrons due to the un- 
screened long-range interaction along the c-axis. 

It is interesting that in the structurally similar single- 
layer hole-doped Lai.84Sr .i6CuO4 (LSCO) sample, there 
is a similar mode with energy of 17.5 meV (see Fig. 2a). 
The same mode with energy of 16.8 meV is independently 
revealed in the effective electron-boson spectral function 
of hole-doped Lai.97Sr .03CuO4 sample (see Fig. 2b), 
which was extracted from high-resolution ARPES data 
24J . It is striking that the mode energies (5.9 meV, 
17.5 meV, and 27.3 meV) inferred from the dip posi- 
tions of the tunneling spectrum match the peak posi- 
tions (6.0 meV, 16.8 meV, and 26.9 meV) in the effec- 
tive electron-boson spectral function independently de- 
termined from ARPES data. This further justifies the 
correctness of our mode assignment. The bosonic mode 
at about 6.0 meV seen in the overdoped n-type cuprate 
(Fig. la) and in hole-doped Lai.84Sr .i6CuO4 (Fig. 2a) 
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FIG. 2: a) d 2 I/dV 2 spectrum at 7.2 K for hole-doped 
Lai.84Sro.i6CuC>4, which is reproduced from Fig. 4 of Ref. [29j ]. 
The energy position of the d 2 I/dV 2 spectrum is measured 
from the superconducting gap. b) Effective electron-boson 
spectral function for the hole-doped Lai.g7Sro.o3CuC>4, which 
is extracted from high-resolution ARPES data. The curve is 
reproduced from Ref. ^24] . 



and Lai.97Sr .03CuO4 (Fig. 2b) is also seen in the 
tunneling spectra of YBa2Cu3C>7 and Bi2Si'2CaCu20s 
(Ref. [28]). This indicates that this mode is universal 
for the cuprate systems and cannot originate from anti- 
ferromagnetic fluctuations. 

Since the magnetic-resonance mode energy was found 
46] to be proportional to T c , insensitivity of the mode 
energies to T c further argues against the magnetic origin 
of the modes. The similar mode energies across differ- 
ent doping levels (Fig. 2) and across different single-layer 
structures (PLCCO and LSCO) are consistent with the 
phonon mode assignment and contradict the magnetic 
mode assignment. 

For double-layer cuprates such as Bi2Sr2CaCu20s+y, 
strong coupling to the magnetic resonance mode was ex- 
pected to produce a peak-dip-hump (PDH) structure in 
ARPES spectra along the antinodal direction [47[. This 
PDH structure was also predicted to be present in dl/dV 
tunneling spectra fjjj ]. The energy separation between 




FIG. 3: a) Dependence of Edip — E p k on T c , which is repro- 
duced from Ref. [Tlj ] . The Edip — E p k values were determined 
from ARPES data, b) Dependence of Edi P — E p k on the super- 
conducting gap A which is a function of T c . The Edi v — E v k 
values are obtained from Supplementary Figure 2 of Ref. [49j ] . 



the dip and peak features is exactly equal to the en- 
ergy E r of the magnetic resonance mode 
is, Edip — Epk — E r . Since E r was found 
proportional to T c , Edip — E p k should also be propor- 
tional to T c . This is in sharp contrast to the experi- 
mental results shown in Fig. 3. The E<n p — E p k values 
obtained from ARPES (Fig. 3a) and tunneling spectra 
(Fig. 3b) are nearly independent of doping or T c , in con- 
tradiction with the theoretical predictions based on the 
d-wave magnetic pairing mechanism. Furthermore, the 
constant Edip — E p k values (see the horizontal solid lines) 
obtained from ARPES and tunneling data differ by about 
10 meV. Because ARPES is probing the average property 
of the whole top layer while the spatially- resolved tunnel- 
ing spectrum is measuring the local property of nanosized 
range, the coherence peaks in tunneling spectra are much 
sharper than those in ARPES. This may explain why the 
dips in tunneling spectra are pushed more towards the 
peaks than those in ARPES. 

Another important issue is the intrinsic pairing (gap) 
symmetry in the bulk of superconducting cuprates. Be- 
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cause nearly all the surface and phase-sensitive experi- 
ments for both electron- and hole-doped cuprates provide 
clear evidence for d-wave order-parameter (OP) symme- 
try the d-wave pairing symmetry has become an in- 
disputable fact for most researchers in the field. However, 
it is important to note that the pairing symmetry is not 
necessarily the same as the OP symmetry. In particu- 
lar when superconductivity arises from the Bose-Einstein 
condensate of local pairs, the OP symmetry could be dif- 
ferent from the pairing symmetry [501 ] . In fact, these 
surface- and phase-sensitive experiments based on pla- 
nar Josephson tunneling are probing the OP symmetry 
at surfaces and interfaces which were found to be under- 



doped 5l|, [52[ . Since the majority of charge carriers are 
oxygen- hole bipolarons in the underdoped regime nam 
and the OP symmetry of the Bose-Einstein condensate 
of the oxygen-hole bipolarons was predicted to be d-wave 
[Hoj . the phase-sensitive experiments just probe the d- 
wave OP symmetry of the bipolaron condensate rather 
than the pairing (gap) symmetry. Since the symmetry 
of the Bose-Einstein condensate has nothing to do with 
the pairing symmetry, the phase-sensitive experiments do 
not probe the pairing symmetry associated with the pair- 
ing interaction. To probe the intrinsic pairing symmetry, 
bulk-sensitive data should be obtained from significantly 
overdoped samples where the dominant charge carriers 
are Fermi-liquid like and the superconducting transition 
is BCS-like {H}. Based on the quantitative analyses of 
many bulk-sensitive experiments (in addition to some 
bulk- and phase-sensitive experiments such as nonmag- 
netic pair-breaking effects), we have concluded that the 
intrinsic pairing symmetry in the bulk of cuprates is not 
d-wave, but extended s-wave (having eight line nodes) in 
hole-doped cuprate s 1551 and nodeless s-wave in electron- 
doped cuprates 55j-|57f. 



In summary, our analyses of tunneling spectra and 
their comparison with ARPES data in both electron and 
hole doped cuprates have unambiguously ruled out mag- 
netic pairing mechanism. Our conclusion is further sup- 
ported by the recent pump-probe spectroscopy H^, 58 1 
showing that T c is sensitive to the electron-phonon in- 
teraction and by the Raman measurements showing that 
T c is insensitive to magnetic interactions in high-T c su- 
perconductors [59(. The polaron-bipolaron theory of 
superconductivity, which is based on realistic electron- 
electron correlation and long-range electron-phonon in- 
teraction, is compatible with many experimental results 
including the Cooper pairing and large Fermi surface ob- 
served in optimally doped and overdoped cuprates as 
well as d-wave order parameter symmetry for underdoped 
cuprates. 
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